Distributed cogeneration units are flexible and suited to providing balancing power, thereby contributing to the integration of renewable electricity. Against this background, we analysed the technical potential and ecological impact of CHP systems on the German minutes reserve market for 2010, 2020 and 2030. Typical CHP plants (from 1 to 2,800 kW el ) were evaluated in relation to typical buildings or supply cases in different sectors. The minutes reserve potential was determined by an optimisation model with a temporal resolution of 15 minutes. The results were scaled up to national level using a scenario analysis for the future development of CHP. Additionally, the extent to which three different flexibility measures (double plant size / fourfold storage volume / emergency cooler) increase the potential provision of balancing power was examined. Key findings demonstrate that distributed CHP could contribute significantly to the provision of minutes reserve in future decades. Flexibility options would further enhance the theoretical potential. The grid-orientated operating mode slightly increases CO 2 emissions compared to the heat-orientated mode, but it is still preferable to the separate generation of heat and power. However, the impacts of a flexible mode depend greatly on the application and power-to-heat ratio of the individual CHP system.
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Introduction
In 2014, around 28% of the electricity produced in Germany was generated by renewables [1] , mostly by fluctuating sources such as wind and solar power. The German government envisages to increase this share to at least 80% by 2050 [2] . It is anticipated that the further expansion of fluctuating renewable power generators (wind and photovoltaic) will lead to a growing demand for balancing power to compensate for forecast deviations. Simultaneously, large conventional thermal power plants may be crowded out of the market, which will increase the demand for new reserve capacities and/or for flexible loads. The government also plans to increase the share of combined heat and power (CHP) plants in net electricity production to 25% by 2020 [3] . As a result, in order to provide balancing power for the integration of renewable electricity, we expect that there will be a significant and as yet unexploited potential for small distributed CHP units, especially in the building sector, which can be operated more flexibly.
Three different types of balancing power are used to stabilise the grid frequency and power balance: primary, secondary and tertiary or minutes reserve. Deviations from the forecast levels of wind power production mostly affect the required capacity of minutes reserve, while its effects on the secondary reserve are still not clear [4] [5] [6] .
Different assessments of future minutes reserve capacities for Germany draw varying conclusions, but all indicate the requirements for a significant short-term increase compared to current levels (see Table 1 ).
Different studies have analysed and demonstrated the technical feasibility of distributed CHP contributing to the (minutes) reserve market [7] [8] [9] . Furthermore, distributed CHP plants are already included in the portfolios of some direct marketers in Germany [10] [11] [12] . The issues discussed in this context include framework conditions, requirements, benefits and barriers, as well as costs; costs include political costs and those relating to operators and/or the system integration of renewable power generation. However, analyses relating to how CO 2 emissions will be affected by changing the CHP operation from a heat-orientated mode to a power or flexibilisationorientated mode could not be identified in the literature. Studies of CHP CO 2 emissions instead compare the heat-orientated CHP operation and its related (dynamic) impacts with different technologies for the separate generation of heat and power [12] [13] [14] [15] [16] .
Against this background, we aim to determine the technical potential for distributed CHP plants contributing to the minutes reserve market (taking flexibilisation strategies into account) and to assess the resulting impacts on CO 2 emissions for the years 2010, 2020 and 2030 in Germany. We expect to discover a significant reserve potential as well as a notable impact on CO 2 emissions, demonstrating the fact that there will be a trade-off between a more system-compatible and a climate-friendly operating mode of CHP.
In this paper we describe the scope and methodology for the potential and impact analyses in section 2. This comprises the selection and specification of building and CHP types and the descriptions of the flexibilisation cases, the optimisation model and the allocation method used. The findings for the minutes reserve potential and resulting CO 2 impact analyses are then given in section 3. Section 4 outlines the implication of the results, draws conclusions and presents the outlook for the technolo- We chose the German minutes reserve (or tertiary) market due to the following reasons: In comparison to the primary and secondary market, it offers the best and easiest access conditions for all considered CHP systems. It has the shortest bidding (daily basis) and supply period (four hours), which lowers the risk of forecast errors and therefore the demand for additional reserve. Also, shorter supply periods raise the bidding potential in times of low heat demand. In addition, the technical preconditions, e.g. for ramps and response time, are much less restrictive than for the other reserve market types.
The participation of distributed CHP in the day ahead market is not examined in this paper, since it is less correlated with the fluctuations and forecast errors of renewable electricity. There is also a correlation between the intraday spot market and the minutes reserve market which could not be examined here, since the German intraday market emerged only after the start of the study underlying this paper. In regard to the minutes reserve market, market data from the year 2010 are used here, since those were the latest data at the beginning of the analyses. Nonetheless, these 2010 data are representative also for the following years, since the market volume has remained on a nearly constant level.
Selection and design of representative buildings and CHP plants
The study distinguishes between the following fields of application for small CHP units:
1) residential buildings 6 2) non-residential buildings 3) district heating networks
4) industry
For each area concrete buildings or supply cases were chosen and load curves of their heat demand were calculated. On this basis, suitable CHP systems (including peak load boilers and thermal storage) were selected. These systems were designed to supply the thermal base load (which is typically about 30% of the peak load) in each case in a heat-orientated operating mode.
Ten types of residential buildings of different sizes and energy efficiency standards and five non-residential buildings with high CHP potential were selected to represent the building sector. In terms of district heating networks and industrial applications, this study only examined one example of each. The system sizes considered range from 1 to 50 kW el (residential buildings), 18 to 1,200 kW el (non-residential buildings), 2,800 kW el (district heating network) and 50 kW el (industry). For simplification it is assumed that the electrical and thermal efficiencies of the CHP units will remain constant until 2030.
For the residential sector, a total of seven different CHP units were designed to meet the heat demand for the representative ten building types, which are suitable for cogeneration application (see Table 2 ). The buildings' specific useful heating demand per square meter/year ranges from 129 to 214 kWh for existing buildings over 50 kWh (EnEV 2007) 1 to 15 kWh (Passive House).
In order to scale up the results for the single buildings to the future quantitative structure for the years 2020 and 2030, the CHP "Scenario A" development path, according to the study [17] was used. Future changes in floor area and energy performance standards for buildings as a consequence of energy-saving measures are factored in using our own modelling. The reduction in specific heat energy demand shifts potential CHP applications towards bigger buildings with a sufficient heat demand (cf. residential buildings types 8 to 10 in Table 2 ). In order to determine the technical potential of distributed CHP systems for providing minutes reserve, an optimisation and simulation model was developed. This model consists of sub models for each type of building and its assigned CHP plant, and each of these sub models consists of the following three modules.
The first module uses an optimisation algorithm to calculate the maximum amount of minutes reserve which can be provided. In order to provide balancing power and concurrently cover the building's heat demand, the model can use distributed CHP to generate heat and power, thermal storage to uncouple heat and electricity supply, and peak load boiler to produce heat without producing power. The algorithm uses a cost function, which weights the operation of the different components versus the provision of balancing power reserve. These weightings are not designed to reflect real costs, but to simulate actual plant operation. The maximisation of balancing power reserve is given a positive weight ("revenues"). Direct heat supply is weighted neutrally, heat storage has a small negative weight and using the peak load boiler has a larger negative weight ("costs"). The boundary conditions of the optimisation ensure that the buildings' heat demand is met (which is always possible due to the peak load boiler) and that the system does not produce more heat than can be consumed by heat demand and storage losses. The offers for balancing power reserve are modelled pursuant to the current market conditions, as follows. The model can simulate the base case of a "heat-orientated" operating mode and an operating mode designed to provide balancing power, which is referred to in this paper as "grid orientated". In the heat-orientated mode, the optimisation task is to meet the heat demand in the most energy-efficient way by using storage to maximise the share of CHP and to minimise the share of energy produced by the peak load boiler. In the grid-orientated mode, the primary optimisation target is to provide bal- 
Allocation and calculation of CO 2 emissions
By moving from a heat-orientated to a grid-orientated or flexibilised CHP operating strategy, the amount of combined heat and power generation changes. Consequently, the proportions of "heat from CHP" to "heat from peak load boiler", as well as "power from CHP" to "power from grid supply" alter. Due to the various specific CO 2 emission factors for coupled and separate heat and power generation, these shifts lead to different CO 2 emissions of the CHP systems.
These changes have been analysed by means of the following approach:
1. Calculation of the primary energy saving for selected model cases vs. separate generation and allocation of the specific CO 2 emissions to the coproducts of power and heat.
2. Calculation of the absolute CO 2 emissions per building that is supplied by a CHP system in kg/a and comparison of the different operating modes: "separate generation", "heat-orientated", "grid-orientated" and "flexibilised".
3. Upscaling of the CO 2 emissions in t/a according to the CHP quantity structures in the RES long-term scenarios [17] for the years 2010, 2020 and 2030.
The allocation of the specific emissions to the coproducts of power and heat is described as follows. In order to perform an energetic or ecological assessment of the coupled generation of power and heat, it is necessary to allocate energy and emissions to each of the two coproducts. For this allocation, the "Alternative Generation
Method" was used in compliance with the European CHP Directive 2004/8/EC [18] .
This method is suitable because cogeneration products are not favoured (unlike the Credit Method) [19, 20] . In addition, it has the advantage that reference systems and reference fuels are taken into consideration (unlike, for example, the Efficiency Method, IEA Method or Exergy Method). In comparison to the Credit Method, the Alternative Generation Method eliminates the problem of very low or negative emissions for cogeneration by-products. In addition, by performing the allocation, values for primary energy saving in relation to the reference system of separate generation are achieved as an intermediate result.
The primary energy saving (PES) compared to an uncoupled reference system, can be calculated using the Alternative Generation Method according to the following formula, by means of the thermal and electric efficiencies η th and η el of the CHP plant [18] .
Using the following formulae, the fuel demand (W fuel ) for electricity
and the complementary fuel demand for heat energy
are calculated. W fuel represents the total fuel demand for the CHP system. The absolute CO 2 emissions for electricity and heat energy are calculated by multiplying fuel demand with the specific fuel emission factors CO 2,fuel,spec. (in kg CO 2 /kWh fuel ). The specific CHP CO 2 emissions in kg CO 2 /kWh el or kg CO 2 /kWh th are calculated by dividing the absolute values by the produced electricity or heat energy.
In accordance with the guidelines of the EU CHP directive, uniform fuel specific efficiency factors are prescribed across Europe as a reference case for the separate generation of electricity and heat. These are taken from the implementation decision of the European commission [21] and are adapted to regional conditions according to climatic factors. Additionally, electricity reference efficiency is further reduced by a correction factor (≤ 1), which depends on the level of the supply voltage to which the CHP plant is connected, and on the share of electricity fed-in or consumed on site.
This method is designed to ensure that distributed CHP plants avoid the creation of network supply losses, particularly when they consume a high proportion of their own self-generated electricity.
In this study, according to the EU CHP directive, a natural gas combined-cycle power plant (tabulated reference efficiencies: 52.5%; climate corrected: 53.2%) is used as a reference for the power generation and a natural gas boiler (tabulated reference efficiency: 90%) is used as a reference for the heat generation. For the CHP systems in the residential buildings an electricity reference efficiency of 47.1% applies after correcting the supply voltage and self-consumption rate. A specific fuel emission factor CO 2,fuel,spec. for natural gas of 0.202 kg CO 2 /kWh fuel is used.
3 Results
Technical potential of balancing power
Potential without flexibility options
The results of the simulation show that, annually, an average of about 68% (in residential buildings) and 71% (in non-residential buildings) of the installed CHP capacity can be used for the provision of balancing power. For about one third of the year, during the period of low ambient temperatures, the full plant capacity can be used, whereas in summer the balancing power reserve potential is significantly lower. This is the result of the correlation between the bidding potential and the heat demand, which again is correlated in accordance with the ambient temperature (see Figure 1 ).
In the building sector, the installed CHP could have provided up to about 7% of the In the case of Flex 3 (use of the emergency cooler), the calculation has to take into account adjusted specific CO 2 emission factors for power produced in the combined CHP unit. The modified emission factors arise by setting the thermic efficiency of CHP in the CO 2 allocation calculations to zero. Results for residential building cogeneration systems are documented in Table 3 . It is evident that when the emergency cooler is used, the specific CO 2 emission values rise by around 90% to 290%
(compared to CHP operation) and by around 40% to 230% (compared to power purchased from the grid).
Influence of different operating modes on CO 2 emissions
Based on the specific CO 2 emission values documented in Figure 5 and Table 3 In the next step, the CO 2 emissions produced by each building have been scaled up for the years 2010, 2020 and 2030 in accordance with the CHP quantity structure of the chosen scenario frame [17] (cf. ch. 2.1). In Figure 7 , the aggregated emissions for all the considered residential building types are given for the year 2020.
The scenario shows that, in 2020, the cumulative CO 2 emissions from CHP in residential buildings will be between a minimum of 3.92 Mio t (base case of heat- With the exception of RB 8, where the emergency cooler was barely used (309 kWh th /a), the Flex 3 variants are inferior to the grid-orientated variant. It is notable that in the cases of RB 1 (433g CO 2 /(kW⋅h)) and RB 5 (362g CO 2 /(kW⋅h)), the additional emissions are about three times higher than for the other residential buildings. This can be explained by the low power-to-heat ratio (CHP coefficient) of the 1 kW el stirling engine used in RB 1 and RB 5, which leads to excessive heat losses from the emergency cooler (28% or 21%, cf. Table 4 ).
Discussion and conclusions

Assumptions and boundaries
When considering the results, it is necessary to keep in mind the bases and limitation of this analysis as described in ch. 2.1. This study examines the maximum technical application of distributed and comparatively small CHP systems on the German minutes reserve market. Thus the resulting operation patterns do not necessarily correspond to economic operation. Current economic and political framework in Germany rather incentivises the consumption of electricity onsite than feed-in into the grid, therefore the economic minutes reserve potential is significantly lower at present than the technical potential. Recent trends like increasing electrical heat production ("power-to-heat") will also influence the future operation strategies of CHP.
Though the minutes reserve market has lower access conditions, electricity from CHP can also be offered on the secondary reserve market. This market on the one hand promises higher revenues, but on the other hand dictates more ambitious requirements (see ch. 2.1) and will influence the maintenance costs for cogeneration units more severely. A holistic assessment of the participation on the different suited markets (including the day ahead and intraday market) has to consider the economic frame conditions, which is beyond the scope of this study. The modelling assumes the minutes reserves market to persist in its current form.
But given the current challenges in the energy system's design (see for example [24] ), it is imaginable that the balancing power markets will be adapted accordingly. Possi- To explore the quantitative impacts on the CO 2 emissions due to closing down e.g. wind power production as a consequence of CHP heat production is out of the scope of this study and would require detailed simulations of the electricity market in hourly resolution. This is an important issue for the future and should be object of further research.
Technical potential of balancing power
The simulated results for the maximum pooled bidding potential for CHP on the German minutes reserve market demonstrate a relatively high annual availability of the installed nominal CHP capacity (in the order of about 70%) in the building sector.
There are no significant differences between the residential (RB) and non-residential buildings (NRB) considered in terms of availability. While the potential bidding structure is almost the same, distributed CHP plants in non-residential buildings offer much better preconditions for contributing to the minutes reserve market than those in residential buildings. One reason for this is that, as a rule, the average plant size is bigger. Consequently, fewer plants have to pool together for the required minimum offer size of 5 MW el [22] . This results in less effort and lower costs to access the market. The required telecontrol engineering, which has high fixed costs, is an additional drawback for CHP systems in residential buildings. Another reason for nonresidential buildings having an advantage over residential buildings is that their total installed capacities were about a factor 7.5 higher in 2010. Although this relationship could change in the future in favour of distributed CHP systems in residential buildings, the potential of which has been largely unexploited to date, it is expected that the installed capacities of CHP plants in non-residential buildings will remain significantly higher [17] .
Therefore, if politicians seek to unlock the minutes reserve potential of distributed CHP systems, priority should be given to the non-residential buildings sector or to larger distributed CHP plants. For existing plants this could be achieved, for example, by incentivising the appropriate telecontrol technology, the enlargement of the plants or the heat reservoirs coupled with obligatory marketing of balancing power. New plants of a certain size could obligatorily take part at the balancing power market without incentives. However, there is currently sufficient minutes reserve capacity and a number of competing alternatives, such as gas turbines and demand-side management, which can be achieved relatively quickly. As a result, there is no urgent need for the introduction of supporting instruments and there are already some marketers who are pooling balancing power from distributed CHP systems (mainly biogas) [10, 11, 13, 23] .
Nevertheless, the demand for greater minutes reserve capacity and new sources of balancing power in Germany is expected to rise in the order of some 1,000 MW el by 2020 with the further expansion of renewables (see Table 1 ). This rise in demand would be of a similar capacity to the whole existing technical minutes reserve potential of distributed CHP plants in the building sector (in the order of 2,900 MW el in the year 2010) or could even exceed the most promising additional potential offered by doubled plant size in the Flex 1 variant (in the order of 1,400 MW el ). In order to further enhance the potential for CHP to contribute to the minutes reserve, the general expansion of distributed CHP systems will be more important than their flexibilisation (see Figure 3) . The assumed CHP development path [17] for Flex 3, see [23] . Therefore, quadrupling the heat storage size (Flex 2) seems to be advantageous from a cost point of view. However, this must be considered from a profitability perspective, which is beyond the scope of this study and depends mainly on the development of the market conditions. Further analysis is required.
In terms of the seasonality of the reserve-orientated CHP operating modes, it should be noted that CHP is likely to contribute to the integration of wind power rather than of photovoltaic, due to the significant summer slump of its bidding potential (see Figure 1) . Doubling the plant size (Flex 1) leads to a potential offer of almost twice the capacity but this is, however, limited in time to around 2,000 h/a before slowly converging with the non-flexibilised operating mode (see Figure 4 ). This will be advantageous for compensating for higher wind power deviations, as these are expected to occur mainly during the winter period. Quadrupling the heat storage (Flex 2) helps to increase the total availability by about 1,000 h. This will be particularly advantageous for the transition periods between winter and summer. Last but not least, the use of an emergency cooler (Flex 3) would totally decouple the reserve provision from the heat demand, so that the full power capacity could be offered at any time. However, since this could lead to the uncoupled production of heat and power and therefore decrease the CHP share, this would decrease the ecological advantages of CHP generation.
Impact on CO 2 emissions
Changing from the heat-orientated operating mode, which is common today, towards a grid-orientated operating mode results in an increase in CO 2 emissions of between 8% and 16% for each of the ten individual building types. The savings in comparison to the reference system of separate generation diminish by nearly half, from originally 15% to 25% (heat-orientated operating mode, depending on the building type)
to 8% to 13% (grid-orientated operating mode).
The overall picture of the aggregated CO 2 emissions for all residential buildings in 2020 (see Figure 7) shows that emissions increase significantly while transitioning from the heat-orientated to the grid-orientated operation. The CO 2 saving potential decreases by half from 18% to 9% compared to separate production. Nevertheless, this operating mode still scores significantly higher than the reference value of separate generation, both in terms of primary energy use and CO 2 emissions.
The results show that the flexibility options can significantly increase the balancing Fundamentally, the future role that decentralised systems such as distributed CHP plants should play in terms of providing balancing power must be clarified. The question of which balancing power structures (centralised, decentralised or hybrid) best suit the transformational process of energy supply towards renewable energies remains unresolved. In addition, the comparative size of the CO 2 emissions that are generated by the current conventional energy sources in the balancing power market must be analysed.
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